Pseudomonas facilis and Pseudomonas spp., isolated on the basis of its ability to grow on polycyclic aromatic hydrocarbon, was assayed for biosurfactant production (BP) potentials by measuring the surface tension (ST) of the culture supernatant at different time intervals. The strains in three levels of initial inoculum size (OD 600 nm ¼ 0.5, 1, 1.5) were added to medium to determine if bacterial inoculum size affects solubilization of phenanthrene (PHE).The result showed that although the two strains reduced the mean ST to less than 34.12 mN m À1 at the end of day 6, mean solubilization activity of PHE reached 77.05 mg L À1 on the sixth day. There was a significant increase in BP over time (P ¼ 0.008); reaching its peak, 157.84 mg L À1 , at the end of the sixth day. Mean solubilization activity of PHE was not significantly different for the two strains (P ¼ 0.216). The time-course study revealed that the ST reduction and BP potential was enhanced as inoculation size increased, leading to higher PHE solubility during the incubation time. However, the trend of increase in PHE solubility was not totally in the same way to cell growth and BP. It may be suggested that more bacterial density needs to be inoculated for practical application of effective bioremediation.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds containing only carbon and hydrogen and two or more aromatic nuclei. The living cells are exposed to PAHs through respiration, deglutition, and dermal absorption. Metabolism of PAHs in the human body produces epoxide compounds with mutagenic and carcinogenic properties, which have been reported to increase the risk of cancers of lung, liver, pancreas, colon, and skin (Guo-liang et al. ). Lately, application and development of innovative methods to eliminate these pollutants have received much attention. Bioremediation is highly popular as an effective, economic and environmentally friendly technology (Reddy et al. ) . In recent years, a large number of microbial species have been identified as effective hydrocarbon degraders in the natural environment (Ayed et al. ) . The metabolic processes of these organisms include using chemical pollutants as input energy, which generally produces harmless products (Lotfabad et al. ) . Using biosurfactants can potentially improve the bioremediation of these compounds in polluted environments.
Biosurfactants are amphiphilic compounds that are produced extracellularly or as part of the cell membranes. They have different types of structures from glycolipids, lipoproteins and lipopeptides to fatty acids, lipids, phospholipids, and polymeric and particulate biosurfactants (Darvishi et al. ) . Compared to their chemical counterparts, biosurfactants have unique properties such as high activity, low or no toxicity, bioavailability and production from renewable sources (Sakthipriya et al. ) . Several studies have reported that biosurfactants can enhance bioavailability and degradation of organic contaminants (Thavasi et al. ; Pacwa-Plociniczak et al. ) . Enhanced bioremediation of hydrocarbons using biosurfactants incorporates two mechanisms: first, interaction of biosurfactant with low-solubility contaminants enhances their transfer to aqueous phase; second, they increase the biodegradation efficiency. In effect, biosurfactants decrease the surface tension (ST) and increase removal of hydrocarbons by increasing their solubility and bioavailability (Deziel et al. ) .
The aim of this study was to produce biosurfactant by PAH-utilizing bacteria, Pseudomonas spp. and Pseudomonas facilis, and evaluate their ability to reduce ST and increase solubility of phenanthrene (PHE).
MATERIALS AND METHODS

Medium and inoculum conditions
In this study, biosurfactant was produced by Pseudomonas spp. and P. facilis, whose capability in bioremediation of PAH-contaminated soils was proved in our previous study (Kalantary et al. ) , in a medium containing (g L À1 ): K 2 HPO 4 , 6. (Nayak et al. ) . Medium with yeast extract (0.02%) was also used as an extra carbon source. Screening the biosurfactant-producing strains was based on oil spreading method developed by Morikawa et al. () . To evaluate the relation between biosurfactant production (BP) and initial inoculums of bacteria in the solution, three levels of inoculation size were chosen (optical density (OD) ¼ 0.5, 1, 1.5). Two concentrations of PHE (50 and 300 mg L À1 ; 98% pure) were added to the medium as the only carbon source. Liquid medium (150 mL/500 mL flasks) was maintained on a shaker (Heidolph, ProMax2020 model) at 150 rpm at room temperature (22 ± 3 W C) for 10 days. Four control samples (without inoculum) were used to assess abiotic degradation, evaporation rate or any growth of yeast. In addition, six bacterial control samples (without PHE) were used to measure bacterial change in the absence of the pollutant.
Biosurfactant analysis
Methylene blue analysis
Assuming that the surfactant produced by Pseudomonas strains is the anionic biosurfactant rhamnolipid, methylene blue assay was adapted to measure biosurfactant concentration (Pinzon & Ju ) . To do so, a volume of 5 mL of the sample was extracted with 5 mL chloroform, and 12.5 mL methylene blue (1.0 g methylene blue, 50 g NaH 2 PO 4 .H 2 O, and 6.5 mL sulfuric acid) was added. Samples were placed on a shaker at 150 rpm for 5 minutes and then measured at wavelength of 652 nm against a blank chloroform sample. A standard curve was prepared using the purified rhamnolipid obtained.
Measuring ST
A KRÜSS K6 tensiometer equipped with a 1.9 cm Du Noüy platinum ring (KRÜSS GmbH, Hamburg, Germany) was used to measure ST at the laboratory temperature (25 ± 1 W C), in the Institute of Biochemistry and Biophysics, University of Tehran (Rodrigues et al. b) .
Determination of the microbial population
Microbial population assessment was based on MPN (most probable number) method in different time intervals. Bacterial suspension was diluted 10-fold in sterile Ringer's solution (8.5 g NaCL per L of distilled water) and was inoculated into three sterile nutrient broths with a 1:10 ratio in five replications. After 48 h of incubation time at 30 W C, microbial growth was indicated by the visible turbidity (Philp et al. ) .
Measuring apparent solubility of PHE
To measure the solubilized PHE, the medium was centrifuged at 500 × g for 30 min and bacteria-free samples were injected to a high-performance liquid chromatograph (HPLC) (Deziel et al. ) . To quantify PHE removal, liquid medium was centrifuged as mentioned, and then bacteria-free supernatant was extracted with acetone and injected to the HPLC (Reddy et al. ).
Statistical analysis
Two-way repeated measures analysis of variance (rmANOVA) was utilized to study the changes of repeatedly measured response variables in three time points and to evaluate the interaction effect of time and initial inoculum size on response variables. The effect of bacteria type and PHE concentration variables on responses was assumed to be fixed for the possible confounding effects. Analysis of the experimental data and calculation of responses was carried out using SPSS 20 and Excel.
RESULTS AND DISCUSSION
Variation of microbial population rmANOVA results confirm that logarithm of mean bacterial population variation has a significant trend through time (P ¼ 0.007) (Table 1 ). According to the results, variability of bacterial population goes from 9.317 in the second day to 12 Log MPN in the fourth day (P ¼ 0.012). Although not significant, there is a slight increase from 12 in the fourth day to 12.408 Log MPN in the sixth day (P ¼ 0.567). Likewise, increasing the variability from day 2 to day 6 is also statistically significant (P ¼ 0.067) (Tables 2 and 3) . So it could be stated that the growth of bacteria was rapid until the fourth day and then it entered a period of stationary growth.
Overall, OD factor variability through time was significant (P ¼ 0.014) (Figure 1(a) ). Hence, the growth of bacterial population was greater in OD ¼ 1 compared to OD ¼ 0.5, going from 10.486 to 11.4 Log MPN (P ¼ 0.139). Variability between OD ¼ 1.5 and OD ¼ 1 was from 11.4 to 11.842 Log MPN (P ¼ 0.108). Also, comparing OD ¼ 1.5 and OD ¼ 0.5, logarithm of variability goes from 10.483 to 11.842 Log MPN (P ¼ 0.059).
Furthermore, initial inoculum size (OD ¼ 0.5, 1, 1.5) had a significant effect on producing biosurfactant changes with the passage of the time (P < 0.001) (Figure 1(a) ).
Growth-associated biosurfactant on PHE
Similar to cell growth, mean BP was significantly increased at three time points (P < 0.001). As post-hoc analysis revealed, mean BP on day 4 increased compared to day 2, going from 65.717 mg L À1 to 134.658 mg L À1 (P ¼ 0.004); and it significantly increased to 157.842 mg L À1 after two more days (P ¼ 0.019). Comparing day 2 and day 6, BP significantly increased from 65.717 mg L À1 to 157.842 mg L À1 (P ¼ 0.008). Significance of the factor time suggests that biosurfactant producers (strains of P. facilis and Pseudomonas spp.) can use PHE as a carbon source (Deziel et al. ) . We observed a parallel relationship between cell growth and BP until day 4. This is consistent with a study by Desai & Banat () , who reported a parallel relationship between growth and BP by Acinetobacter calcoaceticus strain. Rodrigues et al. (a) also observed this parallel relation using Lactococcus lactis strain. These findings are comparable with those of Thavasi et al. () , where biosurfactant was produced by Corynebacterium kutscheri strain with waste motor lubricant oil as the substrate, and maximum biosurfactant concentration of 3.85 mg mL À1 was produced in about 6 days; furthermore, utilizing peanut oil cake as the substrate resulted in biosurfactant (6.4 mg mL À1 ) production. The difference can be due to the more bioavailable nature of substrate and bacteria type. It has been shown that Pseudomonas aeruginosa strain with waste motor oil as the substrate leads to 4.37 mg mL À1 production in 6 days, whereas peanut oil cake as a substrate with the same strain results in 8.6 mg mL À1 BP (Thavasi et al. ) . The amount of 2,100 mg L À1 BP was achieved in a shorter time (3-day incubation) by using glucose as the only carbon source of Pseudomonas aeruginosa MR01 (Lotfabad et al. ) . Olive oil with a 2-day incubation led to production of 1,670 mg L À1 biosurfactant in the aqueous phase (Darvishi et al. ) . Therefore, it is evident that BP efficiency strongly depends on medium composition and the carbon source (Lotfabad et al. ) .
We have shown that BP depends on the initial inoculums size of bacteria (P < 0.001). Mean BP increased with OD over time. Mean BP significantly increased from 87.068 mg L À1 at OD ¼ 0.5 to 120.742 mg L À1 at OD ¼ 1 (P ¼ 0.016); and then reached 150.408 mg L À1 at OD ¼ 1.5 (P ¼ 0.023). The P value for mean BP increase from OD ¼ 0.5 to OD ¼ 1.5 was 0.002. Just like cell growth, the interaction effect of OD variability and time was to increase the mean BP values (P < 0.001) (Figure 1(b) ).
ST reduction
ST of the medium is an important feature of surfactants (Nayak et al. ) . As shown in Figure 1(c In addition, results showed that ST changed according to different values of initial inoculum concentration of bacteria (P < 0.004). Mean ST followed a reducing trend for each OD value (Figure 1(c) ). There was a slight decrease in ST from 45.425 mN m À1 at OD ¼ 0.5 to 41.492 mN m À1 at OD ¼ 1 which was not significant (P ¼ 0.145). The decrease from OD ¼ 1 to 36.008 at OD ¼ 1.5 was also not significant (P ¼ 0.116). It seems that the reduction is more evident over a wider range of OD values; as comparing OD ¼ 0.5 to OD ¼ 1.5 we can observe a considerable decrease of about 9.417 mN m À1 (P ¼ 0.007). There was a significant interaction of OD values with time variable (P ¼ 0.08). In other words, the reduction trend of ST over time varied for different OD values.
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Solubility of PHE
The proposed mechanism to enhance solubility of hydrophobic organic compounds is to reduce the ST of the airwater interface in presence of biosurfactants, so that the increased surface activity will facilitate partitioning of hydrocarbon from water-insoluble phase into the aqueous solution (Ayed et al. ) . Mean solubility of PHE increased significantly as time goes by (P ¼ 0.041) (Figure 1(d) ) and it changed from 31.125 on day 2 to 68.175 on day 4 (P ¼ 0.012), and achieved its maximum 77.05 mg L À1 on day 6, with about 8.875 mg L À1 increase compared to day 4 (P ¼ 0.973). Increased solubility of PHE on the sixth day in comparison with day 2 was not statistically significant (P ¼ 0.215). We observed no significant difference in solubility concerning strains; however, differences in solubilization of biosurfactant from different bacterial strains have been reported (Das & Mukherjee ) . This may be due to composition and characteristics of biosurfactants. Alasan is a high molecular weight bioemulsifier that increases aqueous solubility of PAHs by a physical interaction, probably of a hydrophobic nature, and leads to an increase in the PAH biodegradation (Barkay et al. ) . Another likely reason for this phenomenon is the difference in biosurfactant nature depending on the chain length of the substrate. In the presence of a Micrococcus strain, bioavailability of hydrocarbons increases by cell growth, which would cause an increased biodegradation of these compounds (Das et al. ) .
As biosurfactant concentration from Bacillus amyloliquefaciens An6 increased, solubility of diesel oil increased by 70% (Ayed et al. ) . The results of this study confirm the fact that BP depends on the availability of substrate, the same as cell growth. PHE solubility (77 mg L À1 ) may be such that it may prevents the unlimited growth of cells.
Despite the increment of cell density over time, since PAHs are utilized only in the soluble form, bioavailability of substrate in the solution reduced (Deziel et al. ) . Unlike mean solubility change of PHE over time, it appears that initial bacterial inoculum density did not increase the solubility of PHE. PHE solubility of 39.05 mg L À1 at OD ¼ 0.5 was not significantly different from that of 62.325 mg L À1 at OD ¼ 1 (P ¼ 0.38). Likewise, at OD ¼ 1.5 compared to OD ¼ 1, mean solubility of PHE changed from 62.325 to 74.975 mg L À1 (P ¼ 0.04). Finally, mean solubility change of OD ¼ 0.5 to OD ¼ 1.5 was only 35.925 mg L À1 (P ¼ 0.262). Results of PHE solubility for both strains were very close, and the difference was not statistically significant (P ¼ 0.15). Moreover PHE concentration (50 or 300 mg L À1 ) did not affect the solubility of PHE (P ¼ 0.21).
CONCLUSION
Conclusively, the bacterial strains, Pseudomonas spp. and P. facilis, could carry out efficient solubilization of PHE with production of biosurfactant. According to the results, production of biosurfactant for both strains increased at higher OD, whereas higher OD led to solubilizing of PHE to 74.975 mg L À1 .
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